Aims Heart failure with preserved ejection fraction (HFpEF) accounts for 30-50% of patients with heart failure (HF). A major obstacle in HF management is the difficulty in differentiating between HFpEF and heart failure with reduced ejection fraction (HFrEF) using conventional clinical and laboratory investigations. The aim of this study is to develop robust transcriptomic and proteomic biomarker signatures that can differentiate HFpEF from HFrEF. Methods and results A total of 210 HF patients were recruited in participating institutions from the Alberta HEART study. An expert clinical adjudicating panel differentiated between patients with HFpEF and HFrEF. The discovery cohort consisted of 61 patients, and the replication cohort consisted of 70 patients. Transcriptomic and proteomic data were analysed to find panels of differentiating HFpEF from HFrEF. In the discovery cohort, a 22-transcript panel was found to differentiate HFpEF from HFrEF in male patients with a cross-validation AUC of 0.74, as compared with 0.70 for N-terminal pro-B-type natriuretic peptide (NT-proBNP) in those same patients. An ensemble of the transcript panel and NT-pro-BNP yielded a cross-validation AUC of 0.80. This performance improvement was also observed in the replication cohort. An ensemble of the transcriptomic panel with NT-proBNP produced a replication AUC of 0.90, as compared with 0.74 for NT-proBNP alone and 0.73 for the transcriptomic panel.
Introduction
Heart failure (HF) is a global epidemic with an increasing economic burden on healthcare utilization. 1, 2 The prevalence of HF with preserved ejection fraction (HFpEF), most commonly defined as HF with an ejection fraction (EF) equal to or greater than 40-50%, is progressively increasing and now accounts for approximately 30-50% of patients with HF. 1, [3] [4] [5] HFpEF, characterized by stiffness of the left ventricle (LV) and an associated increase in LV filling pressures, is commonly associated with other comorbidities including older age, female sex, and hypertension. 3 The signs and symptoms of HFpEF are similar to those of HF with reduced ejection fraction (HFrEF), and thus, guideline recommendations encourage identification of the overall HF syndrome, then proceeding to an imaging modality such as echocardiography to assess LV systolic and diastolic function.
The correct initial diagnosis of HFpEF is paramount because its management differs considerably from HFrEF. According to current recommendations, a diagnosis of HFpEF requires the presence of signs and symptoms of HF, objective evidence of a normal or near normal EF in the absence of significant valvular abnormalities, evidence of abnormal LV relaxation or elevated BNP. 3 Unfortunately, such diagnoses often require invasive measurements or cardiac imaging modalities that may not be readily available. Although conventional biomarkers such as B-type natriuretic peptide (BNP) have demonstrated minimal clinical utility when used as a single biomarker to distinguish between HFpEF and HFrEF (AUC 0.65-0.69), [6] [7] [8] [9] multiple biomarker panels utilizing different peptides, micro RNA, metabolomites, and clinical features have yielded improved discriminatory ability. 6, 8, 10, 11 However, given that the risk factors for and symptoms of heart failure often differ between males and females, previous work using biomarker panels has not explicitly examined the applicability of biomarkers panels based on sex. Thus, there remains a significant unmet need for readily available and inexpensive diagnostic tests for application in patients with HFpEF.
Interest in the potential use of '-omic' biomarker panels as diagnostic, predictive, monitoring and prognostic tools in HF has grown. 6, 12, 13 While most initial work in this area have focused on diseased cardiac tissue samples, subsequent studies have demonstrated that informative biomarkers can be found in peripheral blood and that blood and cardiac tissue may show comparable transcriptomic (gene expression) and proteomic profiles. 14, 15 Because the pathobiology of HF reflects a complex array of underlying molecular perturbations, 'multimarker' approaches such as measurement of both the whole blood transcriptome and plasma proteome as a comprehensive strategy may yield deeper insights into HF while revealing new signatures that reflect cardiac function. Hence, the current study is intended to assess the potential for blood-based '-omic' biomarkers to differentiate HFpEF and HFrEF in a clinical setting, and to determine whether there are sex-specific differences in these biomarker panels.
Methods

Patient population
Following informed consent, patients were recruited into the study from two tertiary referral centres in Alberta, Canada as part of the Alberta Heart Failure Etiology and Analysis (Alberta HEART) initiative. 16 Ethics approval was obtained from the local ethics boards of the respective study institutions. Exclusion criteria in the trial included age <18 years, known malignancy with expected survival <1 year, current pregnancy or recent pregnancy <6 months prior, recent hospitalization (<2 weeks after acute coronary syndrome, HF or other admission) and severe aortic or mitral stenosis. Using the 2013 ACCF/AHA HF guidelines, an expert clinical adjudication panel classified patients into either HFpEF and HFrEF groups. 1 Specifically from an echocardiographic standpoint, patients with EF ≥ 50% were labelled HFpEF, and patients with EF ≤40% were labelled HFrEF. All EF measurements were visually estimated by qualified echocardiographers. Data were collected and stored in the Alberta HEART Registry. The first 61 participants in the study comprised the discovery cohort, while the next 70 participants comprised the replication cohort. The remaining 79 participants were enrolled in the Alberta HEART Registry had an intermediate EF (>40%-<50%), were healthy agematched controls or were at high risk for developing HF but had no history of clinically relevant HF.
Proteomic
Blood samples were collected in P100 plasma tubes (BD, Franklin Lake, NJ) and stored on ice until processing. Blood was spun down within 2 hours of collection, and plasma was collected and stored at À80°C until selected for proteomic analysis. Discovery and replication patient plasma samples were analysed by multiple reaction monitoring mass spectrometry (MRM-MS) at the University of Victoria Genome BC Proteomic Centre (Victoria, BC, Canada). The semi-targeted MRM-MS assay measures 306 peptides corresponding to 132 proteins. These were proteins found to be related to HF, HFpEF or HFrEF from literature review 17 or from a pilot study in which we analysed the discovery samples using a non-targeted iTRAQ-LC-MALDI-TOF/TOF mass spectrometry method (data not shown).
Transcriptomic
Gene expression was measured in whole blood of the discovery cohort samples and the replication samples. PAXgene (PreAnalytiX, Hombrechtikon, Switzerland) whole blood samples were collected, stored at À80°C and subsequently shipped on dry ice to Scripps Research Institute (La Jolla, CA) for analysis. Microarray analyses were performed using Affymetrix GeneChip Human Gene 1.1 ST Chips (Santa Clara, CA).
B-type natriuretic peptide measurement N-terminal proBNP (NT-proBNP) from plasma samples was analysed at the Prevention of Organ Failure Centre of Excellence in Vancouver, BC using the point-of-care RAMP® assay (Response Biomedical Corp, Vancouver, BC). This assay has been validated against the Roche Diagnostics Elecsys NTProBNP assay with 99% concordance (95% CI 97-100%) in subjects with HF. 18 
Statistical analyses
Transcriptomic and proteomic data were analysed using R and Bioconductor.
For transcriptomic data, Factor Analysis for Robust Microarray Summarization was applied to filter out transcripts with inconsistent relative probe intensity levels and summarize probe intensities into transcript expression data. These transcripts were analysed for differential expression between HFpEF and HFrEF, using a moderated t-test (limma). Probe sets with false discovery rate (FDR) < 0.05 were selected, and a biomarker panel was then identified by performing an elastic net classification on the selected transcripts (glmnet).
Proteomic data were pre-processed to remove peptides that did not pass quality control metrics or had >25% missing values. Protein expression data were created by taking the log 2 of the relative ratios of sample peptide abundance to SIS peptide abundance and summarizing these at the protein-level. Significantly, differentially expressed proteins (P < 0.1) were analysed, selected and combined in a biomarker panel, in a similar fashion as the transcriptomic data.
The performance of each classifier was estimated using repeated 10-fold cross validation (CV). The proteomic classifier with the best CV area under the ROC curve (AUC) was tested in the replication cohort.
Transcriptomic and proteomic biomarker panels were also combined with NT-proBNP in ensemble classifiers. Ensembling of classifiers was done by taking averages of the probabilities predicted by different models. 19 Effect of cellular composition on peripheral whole blood gene expression A large proportion of the variation observed in whole blood gene expression data can be accounted for by differences in the cellular composition of the underlying samples, 20 and it is therefore desirable to quantify this heterogeneity. In order to assess the effect of cellular composition of the underlying samples on our transcriptomic signature, we first used a statistical model to impute the cell proportions of all samples from their gene expression data. We assessed whether significant differences in cell proportions existed between HFpEF and HFrEF groups, and quantified the extent to which the observed variation in gene expression could be accounted for by cellular composition of the samples (Supporting Information Figure S1 ). 21 We also evaluated whether any blood cell-specific gene sets were over-represented in any of our identified transcriptomic signatures using data derived from public gene expression datasets. Finally, we generated biomarker panels, using the process outlined above, using the cell proportion data only to demonstrate that the transcriptomic signature provides additional information beyond that provided by the cellular composition alone. In addition, we also combined into an ensemble, the cell proportion-and transcriptomics-based panels.
Functional enrichment
To identify key biological processes represented by the biomarker panels, functional enrichment of significant genes and proteins was performed using MetaCore (Thomson Reuters). Process networks with a FDR < 0.05 were considered enriched.
Results
Patient population
Baseline demographics for the discovery and replication cohorts are summarized in Table 1 . There were a total of 61 patients in the discovery cohort (34 HFrEF, 27 HFpEF) and 69 patients in the replication cohort (48 HFrEF, 21 HFpEF).
In the discovery cohort, HFpEF patients were older (70 vs. 65 years, P = 0.047), more likely to have diabetes (19% vs. 3%, P = 0.039), and less likely to have an ischaemic aetiology for HF (22% vs. 62%, P = 0.009) compared with the HFrEF patients. HFpEF patients had higher systolic BP (130 mmHg vs. 100 mmHg, P = 0.006) and LVEF (61% vs. 30%, P < 0.001) and lower NT-proBNP (416 ng/L vs. 1422 ng/L, P = 0.006) and BNP (72 pg/mL vs. 199 pg/mL, P = 0.029) compared with HFrEF patients. HFrEF patients were more likely to be on beta blockers (BB) (94.1% vs. 74.1%, P < 0.001) and mineralocorticoid receptor antagonists (MRA) (38.2% vs. 11.1%, P < 0.001) than HFpEF patients, whereas the use of angiotensin converting enzyme inhibitor (ACEi) and angiotensin receptor blockers (ARB) was similar.
Differentiating heart failure with preserved and reduced ejection fraction 303 In the replication cohort, HFpEF patients tended to be older (71 vs. 67 years, P = 0.11) and were less likely to have ischaemic aetiology for HF (19% vs. 45%, P = 0.11) compared with HFrEF patients. There was no significant difference in systolic BP between the two groups but the HFpEF group had higher LVEF (60% vs. 29%, P < 0.001) and lower NTproBNP (538 ng/L vs. 1224 ng/L, P = 0.018), BNP (82 pg/mL vs. 210 pg/mL, P = 0.049), and CD4+ T lymphocyte FDR, false discovery rate; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction.
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Discovery analysis
Transcriptomic
To find discriminative markers, we focused biomarker discovery efforts on patients with EF ≥ 50% (HFpEF) and with EF ≤ 40% (HFrEF), and patients with intermediate EF (>40% to <50%) were excluded. In the discovery cohort comprising of 61 patients with HFrEF or HFpEF, there were 61 differentially expressed transcripts with FDR < 0.05. T lymphocytespecific genes were significantly over-represented in these transcripts ( Figure S2A ). These transcripts were subjected to an elastic net analysis which subsequently yielded a 26 transcript diagnostic classifier for distinguishing between HFpEF and HFrEF. When compared with HFrEF, 10 transcripts were up-regulated in HFpEF, and 16 were down-regulated ( Table 2) . The cross-validation AUC of this classifier was 0.62. The best performing model derived using cell proportion data alone achieved equivalent cross-validation AUC of 0.62. To identify enriched biological pathways, the differentially expressed transcripts were also subjected to gene enrichment analyses using MetaCore (Thomson Reuters). The enriched pathways are highlighted in Figure 1 . Key pathways upregulated in HFpEF as compared with HFrEF involve Notch signalling, the Sin3 and NuRD histone dacetylase complexes, and the epigenetic gene silencing protein N-Cor/SMRT. Downregulated pathways include well-known signalling pathways involving the chemokine G-protein coupled receptor CXCR-4, and cell growth, survival and differentiation regulators such as Signal Transduction and Transcription proteins, phospholipase C (PLC), PI3K/AKT and mitogen-activated protein kinase.
Proteomic
The plasma protein levels in the 61 discovery samples analysed using a semi-targeted multiple-reaction monitoring mass spectrometry assay consisted of 306 peptides that corresponded to 132 proteins. These proteins consisted of relevant HF proteins identified from either the literature or from a non-targeted proteomic 17 study on this discovery cohort (data not shown). Of the 306 peptides, 123 passed quality control. These corresponded to 73 unique proteins. There were 10 proteins statistically different between HFpEF and HFrEF patients Figure 1 The 10 most statistically significant pathway maps identified by MetaCore, based on all differentially expressed transcripts [false discovery rate < 0.05] for heart failure with preserved ejection fraction vs. heart failure with reduced ejection fraction. ( Table S1 ). These were subjected to elastic net analysis, which yielded a 9 protein classifier, and the cross-validation AUC of this classifier was 0.58.
Natriuretic peptides
NT-proBNP had a cross-validation AUC of 0.69 in differentiating between HFpEF and HFrEF subjects. Ensembles of NTproBNP with transcriptomic (cross-validation AUC = 0.61) or proteomic (cross-validation AUC = 0.56) panels did not improve performance compared with NT-proBNP alone.
Sex-specific biomarker panels
Given that the risks, associations and symptoms for HF often differ between males and females, we performed discovery analyses in males and females separately in both the transcriptomic and proteomic data. Since the transcript biomarker panel was not discriminatory between HFrEF and HFpEF in the female-specific discovery cohort, we focused on proteomic data for the female-specific analyses.
An analysis of only male patients yielded a 22-transcript biomarker panel (Table S2 ) with a cross-validation AUC of 0.74. Comparatively, the best performing model derived using cell proportion data only achieved a cross-validation AUC of 0.63. Of the 22 transcripts, 8 were up-regulated, and 14 were down-regulated in HFpEF compared with HFrEF. T lymphocyte-specific genes were significantly overrepresented in these transcripts ( Figure S2B ). MetaCore analysis was performed on the list of transcripts that were differentially expressed in the male-only analysis, to look for unique pathways (Figure 2) . No proteomic panel with an AUC > 0.70 was found.
When 'omics'-based classifiers were ensembled with NT-proBNP, performance improvements were seen in the male-specific 22-transcript transcriptomic based biomarker panel, with a cross-validation AUC of 0.80. In comparison, NT-proBNP alone had an AUC of 0.70 in these same patients. The ensemble of the cell proportion-based and transcriptomics-based panels had a 0.70 cross-validation AUC.
In females, a panel of seven proteins (Table S3 ) was found with a cross-validation AUC of 0.71. Comparatively, the best performing model derived using cell proportion data only achieved a cross-validation AUC of 0.44. Of the seven proteins, six were up-regulated and one was down-regulated in HFpEF compared with HFrEF.
NT-proBNP alone had an AUC of 0.50 in these patients. The ensemble of the female-specific proteomic panel with NT-proBNP resulted in a performance improvement to a cross-validation AUC of 0.69, but when combined with the cell proportion panel, the AUC decreased to 0.48.
Replication analysis
In the replication cohort comprised of 70 subjects, we tested the male-specific NT-proBNP and transcriptomic ensemble, and the female-specific protein classifier, both of which had good discovery cross-validation AUCs. The male-specific proteomic panel and female-specific transciptomic panel were not pursued given their lack of discriminatory ability in the discovery cohort.
The male-specific transcriptomic panel had a replication AUC of 0.73 compared with NT-proBNP at 0.74 (10 HFpEF vs. 35 HFrEF male patients) and cell proportions alone at 0.65. The ensemble of cell proportion and transcriptomic panel had a test AUC of 0.67. However, the ensemble of NT-proBNP with the transcriptomic panel yielded a replication AUC of 0.90 (Figure 3) .
The female-specific proteomic panel had a replication AUC of 0.66 in 11 HFpEF vs. 13 HFrEF female patients, compared with the AUC of 0.44 for NT-proBNP alone (Figure 4) . The ensemble of NT-proBNP with the proteomic panel yielded a replication AUC of 0.62.
Discussion
In this study, we examined the potential for blood-based mRNA and protein multi-marker panels in improving the differentiation of patients with HFpEF from those with HFrEF. The findings indicate that transcriptomic classifier panels could Figure 2 The three pathway maps identified as statistically significant (false discovery rate < 0.05) by MetaCore, based on differentially expressed transcripts (false discovery rate < 0.05) for heart failure with preserved ejection fraction vs. heart failure with reduced ejection fraction in male patients that are not differentially expressed in all patients.
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Moreover, while systematic differences in CD4+ T lymphocyte abundances between HFpEF and HFrEF patients may have impacted both differential expression and biomarker signature discovery, the male-specific transcriptomic classifier outperformed a cellular composition classifier, suggesting that the component features of the transcriptomic classifier are more than simple surrogates of cell proportions, at least in males.
HFpEF and HFrEF are typically difficult to differentiate in a clinical setting without the assistance of imaging modalities. Further, it has also been noted that natriuretic peptides, a mainstay of the diagnostic armamentarium of HF, is not useful in differentiating between HFpEF and HFrEF. By analysing differentially expressed transcriptomic and proteomic biosignatures, the current study provides insight into the biological mechanisms and pathways which make each heart failure phenotype its own distinct clinical entity.
A number of different proteins and transcripts were noted to be differentially expressed in HFpEF and HFrEF (Table S4) , including modulators of inflammation. 22 This is consistent with prior evidence highlighting that inflammatory pathways play an important role in the progression of HF. 23 Furthermore, a number of components from the complement pathway were also expressed in HFpEF vs. HFrEF. An increasing body of evidence supports a functional role for complement activation in the pathogenesis of cardiovascular disease through pleiotropic effects on endothelial and haematopoietic cell function and haemostasis. 24 These effects in particular, influence the development of atherosclerosis, thrombosis and inflammation. Another protein found to be differentially expressed in our cohort was galectin-3 binding protein. Galectin-3 has been studied extensively as a biomarker in HF and has an important role in the profibrotic process and diastolic dysfunction of the ventricle. 25 It is uncertain why galectin-3 was downregulated instead of being upregulated in female HFpEF subjects in our discovery cohort but possible reasons could include concomitant use of pharmacological agents with antifibrotic properties such as spironolactone, which may suppress Galectin-3. 25 It is not surprising that there was a sex-related difference in both the transcriptomic and proteomic marker panels. Other biomarkers have also been shown to have different discriminatory power in men and women. 26 The distribution of BNP has been shown to be higher in women compared with men, in both healthy subjects as well as those with heart failure. 27 Also, concentrations of galactin-3 levels have been shown to be higher in women compared with men in population-based studies, whereas soluble ST2 and growth differentiation factor-15 have been shown to be lower in women compared with men. 28 Although the exact role sex plays in cardiac diseases remains to be fully understood, what is known is that there are fundamental intrinsic sex differences in cardiac tissue. 29 These differences may include variable ion channel expression and diverse responses to sex hormonal regulations via long term genomic and acute nongenomic pathways. 29, 30 Other explanations for these sexrelated differences may be derived from previous studies which have proposed that sex hormones may induce epigenetic change, thereby predisposing males and females differently to non-Mendelian complex diseases. 31 Overall, our data have identified a blood-based transcriptomic and proteomic panel classifiers in separating HFpEF and HFrEF. Separate panels could be considered for each sex in view of the differences seen in this study. The ultimate validation and introduction of these panels in health care could be particularly useful in the setting of primary care or where technical/imaging expertise in diagnosing HFpEF are not readily available. However, further transcriptomic replication work is required and validation in a bigger population sample before clinical implementation is considered.
Limitations in the study include the fact that sample sizes were comparatively small. However, in order to accommodate the smaller sample size, robust statistical techniques were applied in the discovery of discriminative transcriptomic and proteomic marker sets. Our discovery observations were supported by correspondent replication data, and thus reproducible classifier panels. Another potential limitation is that the recruited population may not be reflective of a 'true' population-based HFpEF cohort as there were more males than females with relatively low BNP/NT-proBNP in our study. Hence, it is important that the panels discovered in this work are validated prospectively in a larger cohort of patients, which reflect a 'real world' HFpEF population. The analysis performed and presented focused on the two 'extreme' phenotypes of interest, as per ESC guidelines. Given we would expect more overlap in the intermediate EF group, biomarker discovery could be confounded in this group of patients. Future analyses will focus on assessing the ability of a biomarker panel to assess or predict LVEF as a continuous variable. Further, the cohort of patients included in this analysis was all stable ambulatory HF patients. The results may not apply to those with acute decompensated HF. Also, it is well established that there is overlap between the HFrEF and HFpEF; however, we tried to address this issue by excluding the intermediate EF patients to identify more discrete HF phenotypes with HFpEF and HFrEF. Additionally, while some of these biological pathways may be relevant in the development of HFpEF, it is important to take into account that there was a trend towards a higher lymphocyte count in the HFrEF group which may affect the validity of our findings.
In conclusion, this study provides provisional indications of a viable diagnostic approach using blood-based '-omic' biomarker panels in combination with natriuretic peptides in differentiating between HFpEF and HFrEF. We showed specific sex differences in transcriptomic and proteomic panels in patients with these distinct HF phenotypes. In particular, transcriptomic panels had better diagnostic ability in males in differentiating between HFpEF and HFrEF and these results were replicated in our analysis. Further transcriptomic replication work and validation in larger observational trials will be required prior to consideration for implementation in a clinical setting.
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